Molecular Basis of Kainate Receptor Modulation by Sodium  by Plested, Andrew J.R. et al.
Neuron
ArticleMolecular Basis of Kainate
Receptor Modulation by Sodium
Andrew J.R. Plested,1,4 Ranjit Vijayan,2,3,4 Philip C. Biggin,2 and Mark L. Mayer1,*
1Laboratory of Cellular and Molecular Neurophysiology, Porter Neuroscience Research Center, NICHD, NIH, DHHS, Bethesda,
MD 20892, USA
2Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, UK
3Life Sciences Interface Doctoral Training Centre, Wolfson Building, Parks Road, Oxford OX1 3QD, UK
4These authors contributed equally to this work.
*Correspondence: mlm@helix.nih.gov
DOI 10.1016/j.neuron.2008.04.001SUMMARY
Membrane proteins function in a polarized ionic envi-
ronment with sodium-rich extracellular and potas-
sium-rich intracellular solutions. Glutamate recep-
tors that mediate excitatory synaptic transmission
in the brain show unusual sensitivity to external
ions, resulting in an apparent requirement for sodium
in order for glutamate to activate kainate receptors.
Here, we solve the structure of the Na+-binding sites
and determine the mechanism by which allosteric
anions and cations regulate ligand-binding dimer
stability, and hence the rate of desensitization and
receptor availability for gating by glutamate. We es-
tablish a stoichiometry for binding of 2 Na+ to 1 Cl
and show that allosteric anions and cations bind at
physically discrete sites with strong electric fields,
that the binding sites are not saturated in CSF, and
that the requirement of kainate receptors for Na+
occurs simply because other cations bind with lower
affinity and have lower efficacy compared to Na+.
INTRODUCTION
The ion channels and signal-transduction molecules that play
key roles in synaptic function are typically encoded by large
gene families with similar structures but diverse functional prop-
erties. The physiological significance of such diversity is becom-
ing increasingly well understood, but the underlying molecular
mechanisms are generally unknown. The glutamate receptor
ion channels (iGluRs) that mediate excitatory transmission are
typical examples. They are encoded by a family of 18 genes,
named for their selective agonists AMPA, kainate, and NMDA,
and share a common modular design distinct from other li-
gand-gated ion channels (Madden, 2002; Mayer, 2006; Mayer
and Armstrong, 2004). Individual subtypes exhibit striking differ-
ences in their assembly, subcellular targeting, kinetics, andmod-
ulation, corresponding to varied roles in brain physiology and
disease. Kainate receptors, formed from the GluR5–7 and
KA1–2 subunits, appear to play specialized roles at particular720 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.central synapses. They modulate neurotransmitter release
(Chittajallu et al., 1996) and participate in postsynaptic currents
that have a wide range of decay rates, from unusually slow (Cas-
tillo et al., 1997; Kidd and Isaac, 1999; Vignes and Collingridge,
1997) to conventional rapid excitatory synaptic responses
(DeVries and Schwartz, 1999).
Functional studies have established that glutamate receptors
are modulated by endogenous ions and small molecules. Such
interactions not only control synaptic strength and permit activ-
ity-dependent changes in receptor function but could potentially
be exploited for the development of novel therapeutic agents.
Sites within the pore that regulate binding of permeant ions
and blockers are well characterized, but growing evidence sug-
gests that extracellular allosteric ion-binding sites are also criti-
cal. We recently established that in kainate receptors a chloride
ion is bound in the interface of the active dimer conformation and
that the binding of Cl regulates both desensitization and func-
tional availability of the receptor (Plested and Mayer, 2007). Kai-
nate receptors are also strongly modulated by external monova-
lent cations (Bowie, 2002; Paternain et al., 2003). Surprisingly,
despite their similar structure, AMPA receptors are largely insen-
sitive to changes in external ions. Several recent studies have
attempted to address the mechanism of this difference (Pater-
nain et al., 2003; Wong et al., 2007); however, the structure of
the cation-binding site is unknown, the mechanisms which con-
fer Na+ selectivity have yet to be established, and the mode of
action of Na+ remains a mystery.
Here, we have combined functional studies of receptor activity
with crystallographic analysis and molecular dynamics simula-
tions to demonstrate that the ligand-binding dimer of kainate
receptors contains a pair of cation-binding sites related by
two-fold molecular symmetry. Cations act to stabilize the active
dimer assembly. Functional studies establish that a large fraction
of kainate receptors are not competent for activation by gluta-
mate at physiological salt concentrations because the ion-bind-
ing sites are not fully occupied. We reconcile previous reports on
the apparent common modulation of kainate receptors by exter-
nal anions and cations by revealing allosteric coupling between
the sodium and chloride binding sites and show that the appar-
ent requirement of kainate receptors for Na+ occurs simply
because other cations bind with lower affinity and have lower
efficacy.
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Cations Modulate Kainate Receptors
via the Ligand-Binding Core
For functional experiments, we used the GluR6-subtype kainate
receptor.When extracellular Na+ was replaced by equimolar con-
centrations of different monovalent cations, the extent of activa-
tion, measured as the slope conductance for outward current re-
sponses over the range+20 to+100mV, decreasedbyup to 94%,
and the rate of desensitization measured at –30 mV increased by
up to 12-fold (Figures 1A and 1C). These effects were highly cor-
related (R = 0.98), suggesting that the mechanisms that control
stability of the active state also determine receptor availability
for activation by glutamate. The order of efficacy at 150mMexter-
nal cationwasNa+ > Li+ > K+ >NH4
+ > Rb+ >Cs+ (Table 1). Similar
to the GluR1 and GluR3 subtypes of AMPA receptor, previously
shown to exhibit minimal sensitivity to cations (Bowie, 2002;
Paternain et al., 2003), GluR2-subtype AMPA receptors are also
insensitive to replacement of Na+ by Rb+ or Cs+ (Figure 1B).
To identify the domains responsible for the allosteric effects of
Na+ on kainate receptors, we studied a truncated GluR6 con-
struct lacking the amino-terminal domain (ATD), which is the
site of action for some NMDA receptor allosteric modulators
(Paoletti et al., 2000; Perin-Dureau et al., 2002). Strikingly, the
GluR6 ATD (–) construct had almost identical sensitivity to cation
exchange (Figure 1C and Table 1), with a strong correlation be-
tween the desensitization rate and the extent of activation (R =
0.99). This result, in combination with the voltage independence
and lack of inhibitory effects of intracellular ions (Bowie, 2002),
strongly suggests that the functional binding sites for Na+ are
located within the ligand-binding cores.
External Ions Are Not Coactivators of Kainate Receptors
We previously showed that kainate receptors trapped in their
active dimer conformation by intermolecular disulfide crosslinks
between helices D and J (Weston et al., 2006) are insensitive to
the allosteric effects of anions (Plested and Mayer, 2007). It
has been recently suggested that NaCl acts as a coactivator of
kainate receptors because wild-type GluR6 responses are abol-
ished when NaCl is replaced by CsMeSO3 (Wong et al., 2006;
Figure 1D). However, when desensitization is blocked by cyste-
ine substitution at Y490 and L752, anion and cation sensitivity is
lost (Figure 1D, lower panel), indicating that kainate receptors
can be activated by glutamate even in the absence of NaCl. To
avoid effects complicated by ion permeation, we performed
our measurements at depolarized membrane potentials where
the glutamate-activated ion current is carried by ions in the
pipette solution. In conditions in which responses of wild-type
GluR6 are strongly inhibited, including the replacement of Na+
by Cs+, the replacement of Cl by MeSO3
, and even in the vir-
tual absence of monovalent inorganic ions, disulfide crosslinked
kainate receptors continue to show normal activation by gluta-
mate (Figures 1D and 1E). This is inconsistent with coactivation
of kainate receptors by glutamate and NaCl, but instead sug-
gests an ion-dependent allosteric mechanism that controls
desensitization and functional availability of kainate receptors.
Further, in contrast to wild-type receptors, glutamate-activated
currents for crosslinked GluR6 were essentially unchangedFigure 1. Cations Act via Sites in the Ligand-Binding Domain
(A) GluR6 responses to 10mM glutamate are reduced in amplitude and desen-
sitize faster when extracellular Na+ is replaced with Rb+ or Cs+. The effects
were fully and rapidly reversible on returning to Na+.
(B) GluR2flip-subtype AMPA receptors show little change in glutamate-acti-
vated responses after exchange of extracellular Na+ by Rb+ or Cs+.
(C) Bar plots summarizing the effects of external monovalent cations on the
rate of onset of desensitization (left) and the slope conductance from +20 to
+100 mV (right) for responses recorded from wild-type GluR6 and the (ATD–)
deletion construct. In all panels, error bars indicate SEM.
(D) Responses to 10 mM glutamate recorded at holding potentials of +20 to
+100 mV for wild-type GluR6 (top row) and the nondesensitizing GluR6
Y490C/L752C mutant (bottom row) with NaCl, CsMeSO3, or sucrose in the
external solution.
(E) Bar plot of slope conductance measured from +20 to +100 mV for the
GluR6 Y490C/L752C mutant in NaCl, CsMeSO3, and sucrose solutions.
(F) Bar plot of slope conductancemeasured from +20 to +100mV for theGluR6
Y490C/L752Cmutant in solutions containing Li+, Na+, K+, Rb+, Cs+, or NH4
+ as
the extracellular monovalent cation.Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc. 721
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Construct LiCl NaCl KCl RbCl CsCl NH4Cl
Wild-type kdes (s
1) 180 ± 20 160 ± 10 780 ± 90 1300 ± 200 1900 ± 400 1200 ± 200
GluR6 normalized slope 93% ± 3% 100% 66% ± 9% 29% ± 4% 6% ± 1% 55% ± 8%
n 8 16 10 12 10 12
GluR6 kdes (s
1) 170 ± 20 150 ± 10 600 ± 40 1100 ± 100 1700 ± 100 1100 ± 200
ATD (–) normalized slope 93% ± 5% 100% 77% ± 3% 43% ± 9% 12% ± 3% 58% ± 5%
n 8 16 12 12 8 9
GluR6 kdes (s
1) 560 ± 40 1020 ± 50 1010 ± 50 1070 ± 50 900 ± 100 1110 ± 60
D497A normalized slope 90% ± 10% 100% 106% ± 3% 106% ± 3% 114% ± 5% 80% ± 30%
n 9 10 6 10 6 5
GluR6 kdes (s
1) 1300 ± 100 970 ± 90 1000 ± 100 1070 ± 80 1100 ± 200 1100 ± 200
E493Q normalized slope 78% ± 6% 100% 108% ± 10% 64% ± 8% 92% ± 3% 140% ± 10%
n 12 16 11 10 8 8
GluR6 kdeactivation (s
1) 24 ± 3 20 ± 2 24 ± 4 21 ± 3 20 ± 2 24 ± 4
L490C normalized slope 81% ± 8% 100% 111% ± 2% 117% ± 6% 106% ± 3% 126% ± 7%
L752C n 10 15 5 9 14 6
Desensitization rates (kdes) were measured at negative potentials (typically –30 mV), as were deactivation rates (kdeactivation). The slope conductance
was measured at positive potentials, using the range of pipette voltages from +20 mV to +100 mV, and normalized to the slope observed in NaCl.when external Na+ was substituted by K+, Rb+, or NH4
+
(Figure 1F), except for weak inhibition in Li+ (Table 1), which is
the most efficacious cation after Na+ for wild-type GluR6. Deac-
tivation kinetics in different cations were similar for the GluR6
L490C/L752C crosslinked mutant (Table 1).
Sodium Binds with Low Affinity
To estimate the apparent affinity of Na+ for GluR6, we measured
the slope of the peak current-voltage relationship over the range
–80 to +80 mV in solutions containing a range of external Na+
concentrations, from 3 to 300 mM (Figure 2A), with the Cl con-
centration maintained at 300 mM using Cs+ as a substitute for
Na+. The Na+ concentration required for half-maximal activation
was 110 mM (Figure 2B). To test for allosteric coupling between
the Na+ and Cl binding sites, we measured the EC50 for Cl
 at
lower and higher external Na+ concentrations. In 100 mM Na+,
the apparent affinity for Cl was reduced to 130 ± 40 mM, and
in 600 mM Na+ it increased to 11 ± 3 mM (Figure 2C). A plot of
the apparent affinity for Cl versus the external Na+ concentra-
tion (Figure 2D) was used to estimate the extent of coupling be-
tween binding of Na+ and Cl. When the EC50 for Cl
was plotted
on a log-log scale versus Na+ concentration, the slope of the fit
was1.3 ± 0.2 (Figure 2D), indicating that there are at least twice
as many binding sites for Na+ as for Cl, that the Na+ and Cl
binding sites are allosterically coupled, and that the stoichiome-
try of binding is not fixed. Extrapolation of the fit to a physiological
Na+ concentration reveals that the apparent affinity for Cl is
likely to be about 90 mM, much closer to the physiological level
than estimated previously from measurements performed with
300 mM Na+ (Plested and Mayer, 2007).
Kainate Receptors Are Not Fully Active at Physiological
Ionic Strength
The concentration response analysis for GluR6 modulation
by Na+ and Cl ions suggests that a significant fraction of the722 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.ion-binding sites are not bound by Na+ or Cl at physiological
ionic strength. Therefore, only about two-thirds of kainate recep-
tors should be competent for activation by glutamate, and in-
creasing the external Na+ and Cl concentration should increase
the number of functional receptors.
For individual patches, we collected runs of GluR6 responses
in both 150 and 600 mM NaCl. In 600 mM NaCl, we observed
a reversible 2-fold increase in the current activated by 10 mM
glutamate (2.0 ± 0.3, n = 6) compared to responses with
150 mM NaCl (Figure 2E). A nonstationary analysis of variance
revealed that only a small part of this increase was attributable
to increased single-channel conductance due to the 4-fold
greater ion concentration, most likely because the ion-binding
sites for permeation have higher affinities than the allosteric
ion-binding sites. Analysis of the variance versus mean current
relationship revealed, in addition, increases in the number of ac-
tive receptors and the maximum open probability at the peak of
the response to glutamate (Figure 2F). Because the single-chan-
nel conductance is the best-determined parameter obtained
from noise analysis (Alvarez et al., 2002), but increases by only
17% compared to the 2-fold increase in current amplitude, we
are confident that the greatest part of the increase is an allosteric
effect due to a greater number of active receptors combined
with increased open probability at the peak of the response
(Figure 2G). While it can be difficult to distinguish between ef-
fects on receptor number and open probability (Traynelis and
Wahl, 1997), we note that, despite the strong statistical negative
correlation between estimates of these two variables when fitting
the parabolic current variance relation, both exhibited concur-
rent increases when the salt concentration was increased from
150 to 600 mM, with functional receptor number increasing by
43% ± 11% and peak open probability increasing by 21% ± 1%.
The increase in osmotic pressure to 1100 mOsm is unlikely
to have had nonspecific effects because the rate of desensiti-
zation measured in 150 mM NaCl at an osmotic pressure of
Neuron
Allosteric Modulation of iGluRs by Na+Figure 2. The Na+ and Cl Sites Are Allosterically Coupled and Not
Saturated in CSF
(A) Current-voltage plot for GluR6 responses to 10 mM glutamate recorded in
a range of Na+ concentrations (open circles, 300 mM; filled circles, 200 mM;
open squares, 100 mM; filled squares, 30 mM; open diamonds, 10 mM; filled
diamonds, 3mM) using Cs+ as a substitute. Glutamatewas titrated with CsOH.
Slope conductance was fit by linear regression.
(B) Na+ concentration response curve for GluR6 fit with a single binding iso-
therm (EC50 = 110 ± 50mM), with a constant to account for the residual current
at low ion concentration. Data points show the mean ± SEM for six patches.
(C) Slope conductance for glutamate responses measured as in (A) but with
either 100 or 600 mM Na+, with Cl concentrations varied from 0.3 mM to
600 mM (using MeSO3
 as a substitute) fit with single binding isotherms.
The apparent affinity for Cl varies with Na+ concentration: 100 mM Na+
EC50 = 130 ± 40 mM; 600 mM Na
+ EC50 = 13 ± 3 mM. Data points represent
the mean slope conductance ± SEM for six patches for each curve.
(D) Plot of Cl EC50 versus Na
+ concentration fit by nonlinear regression with
a power relation (slope –1.3 ± 0.2). By interpolation, the EC50 for Cl
 in phys-
iological saline is about 90 mM. Data points indicate EC50 values and SDs
estimated from fits shown in (C); data point at 300 mM is from Plested and
Mayer (2007).1100mOsm, kdes 151 ± 7 s
1 (n = 6), was very similar to that mea-
sured in standard extracellular solution, 160 ± 10 s1 (n = 16, p =
0.6), while the rate constant measured in 600 mMNaCl, 124 ± 11
s1 (n = 6), decreases 1.4-fold (p = 0.02), as expected for an al-
losteric effect on stability of the active state. Together, these re-
sults suggest that, at physiological levels of NaCl, the incomplete
occupancy of allosteric ion-binding sites in the ligand-binding
core renders at least one-third of kainate receptors refractory
to activation, and those that are activated have a reduced max-
imum open probability. Because kainate receptors are not fully
bound by Na+, their activity will be sensitive to Na+ fluctuations
in the physiological range.
Identification of Cation-Binding Sites by Surface
Potential Analysis
Our crystallographic experiments used the GluR5-subtype kai-
nate receptor for which a range of agonists, partial agonists,
and antagonists is available, allowing access to a wider range
of conformational and crystallographic space than for GluR6.
In prior work, GluR5 was crystallized with the competitive antag-
onist UBP310, but we were unable to identify bound cations in
these structures (Plested and Mayer, 2007). We sought different
kainate receptor crystal forms and succeeded in crystallizing
GluR5 dimer complexes (Table 2) with the partial agonist kainic
acid in a solution containing 200 mM Cl and 575 mM Li+, the
most active cation in functional studies after Na+ (Figure 1). Apart
from an 18 difference in domain closure for each subunit, due to
the different conformational states induced by binding of
agonists and antagonists (Armstrong and Gouaux, 2000; Mayer
et al., 2006), the kainate and UBP310 complex dimers are nearly
identical, and when superimposed using domain 1 Ca coordi-
nates the root-mean-square-deviation (RMSD) was only 1.03
A˚. A search of the dimer assembly for candidate cation-binding
sites using GRID (Goodford, 1985) identified one site in each
subunit related by two-fold molecular symmetry resulting from
dimer assembly. These candidate cation-binding sites are gen-
erated by two strongly electronegative pockets on the top sur-
face of the dimer, separated by 12 A˚ (Figure 3A). The pockets
penetrate the protein surface by 4 A˚ (Figure 3B) and are
formed by the side chains of Glu509, Asp513, and Asp761. In
combination with the main chain carbonyl oxygen atoms of
Glu509 and Ile512, these generate a negative surface potential
of 13 kT/e at the base of the pocket, calculated using APBS
(Baker et al., 2001). The side chain methyl groups of Thr764
and Ile765 and the guanidinium group of Arg760 form the
(E) Nonstationary analysis of variance of GluR6 responses to 10 mM gluta-
mate. Means of 60–100 traces (upper row) and five consecutive difference cur-
rent traces (lower row) recorded in 150 and 600mMNaCl from the same patch.
The current is substantially and reversibly increased in 600mMNaCl, when the
membrane potential was adjusted to –20 mV to give the same driving force as
for responses recorded in 150 mM NaCl.
(F) Current-variance plot for responses in (E). In 600 mM NaCl, the number of
available receptors and open probability increases compared to 150mMNaCl.
(G) Bar plots for the mean responses of paired observations from six patches;
error bars indicate SEM. On average, the current I was increased by 100% ±
30%. The number of receptors N competent for activation by glutamate in-
creased by 43% ± 11%; the conductance g by 26% ± 11%; and the peak
open probability by 21% ± 1%.Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc. 723
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Dataset LiCl NaCl KCl RbCl CsCl NH4Cl
Data Collection
Space group P41212 P41212 P41212 P41212 P41212 P41212
Unit cell dimensions (A˚)
a = b c 70.5 234.1 70.6 234.5 70.4 234.5 71.0 234.3 70.9 234.5 70.8 234.3
Number per a.u. 2 2 2 2 2 2
Wavelength (A˚) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Resolution (A˚)a 35–1.49 (1.54) 40–1.72 (1.78) 30–1.72 (1.78) 40–1.82 (1.89) 30–1.97 (2.05) 40–1.68 (1.74)
Unique observations 97909 64353 64352 54555 43097 68619
Mean redundancyb 7.3 (6.5) 9.6 (9.6) 7.3 (7.2) 6.3 (6.0) 4.9 (4.8) 6.0 (5.1)
Completeness (%)b 97.6 (92.2) 100 (100) 98.2 (97.1) 99.5 (100) 97.4 (98.8) 99.3 (99.6)
Rmerge
b,c 0.055 (0.415) 0.070 (0.498) 0.061 (0.320) 0.075 (0.423) 0.086 (0.485) 0.065 (0.445)
I/s(I)b 13.5 (3.9) 14.2 (5.1) 16.4 (7.9) 13.9 (5.22) 10.9 (3.7) 16.3 (4.5)
Refinement
Resolution (A˚) 34.88–1.49 37.99–1.72 29.31–1.72 38.10–1.82 29.27–1.97 39.07–1.68
Protein atoms (alt conf) 4313 (403) 4328 (317) 4300 (271) 4181 (146) 4054 (9) 4260 (215)
Kainate atoms 30 30 30 30 30 30
Glycerol atoms 36 24 24 18 18 18
Cation/Cl/SO4 atoms 2/4/5 2/4/0 3/4/0 6/4/0 13/1/0 2/3/0
Water atoms 690 523 553 558 400 538
Rwork/Rfree (%)
d 16.53/19.02 16.56/19.84 16.53/19.44 16.62/20.90 17.94/22.74 16.68/20.06
RMS Deviations
Bond lengths (A˚) 0.016 0.019 0.017 0.019 0.016 0.019
Bond angles (degrees) 1.73 1.79 1.65 1.65 1.52 1.76
Bonds B values Mc/Sce 1.16/2.74 1.06/3.06 0.96/2.92 1.00/3.05 0.85/2.69 1.04/3.14
Angles B values Mc/Sce 1.70/4.16 1.87/4.86 1.77/4.76 1.82/4.86 1.60/4.30 1.88/4.98
Mean B-Values (A˚2)
Protein overall 11.22 17.47 14.59 15.09 18.11 18.19
Main-chain/side-chain 9.75/12.62 15.77/19.15 12.87/16.30 13.34/16.84 16.65/19.59 16.44/19.95
Kainate 10.59 17.19 14.31 13.94 17.37 17.64
Glycerol 24.14 44.29 37.99 31.32 39.80 38.83
Cation/Cl/SO4 9.73/20.3/59.1 22.4/32.6/– 30.8/40. 8/– 31.6/41.6/– 43.6/44.9/– 28.8/34.0/–
Water 30.9 35.1 34.4 33.4 33.1 36.6
Ramachandran %f 98.41/0 98.21/0 97.82/0 98.02/0 97.82/0 98.21/0
a Values in parenthesis indicate the low-resolution limit for the highest-resolution shell of data.
b Values in parenthesis indicate statistics for the highest-resolution shell of data.
c Rmerge = (Sj II  <II>j)/SI jIIj, where <II> is the mean II over symmetry-equivalent reflections.
d Rwork = (S jjFoj  jFcjj)/S jFoj, where Fo and Fc denote observed and calculated structure factors, respectively; 5% of the reflections were set aside for
the calculation of the Rfree value.
eMain chain/side chain.
f Preferred/disallowed conformations.remainder of the surface of the pocket, which is capped by the
side chain of Ile755. Between these pockets is an electroposi-
tive cavity with a surface potential of +8 kT/e generated by the
side chains of Lys516, Arg760, and Thr764 (Figure 3B), which
form the previously identified anion-binding site (Plested and
Mayer, 2007). Notably, the center of the anion-binding cavity
is only 6 A˚ from each of the putative cation-binding sites, and
residues that form these sites are interconnected by a complex
network of salt bridges, hydrogen bonds, and solvent-mediated
contacts.724 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.Analysis of molecular packing in the GluR5 UBP310 complex,
crystallized in the C2221 space group, revealed that each of the
putative cation-binding sites is occluded by the side chain of
Lys437, which projects from loop 1 of two adjacent protein
molecules (Figure 3C). The Lys NZ atoms plug the putative cat-
ion-binding pockets, essentially acting as tethered ammonium
ions, and make salt bridges with the side chains of Glu509 and
Asp513. In contrast, in the kainate complex, crystallized in the
P41212 space group, the putative cation-binding sites face sol-
vent channels in the crystal lattice and are free to bind ions.
Neuron
Allosteric Modulation of iGluRs by Na+Figure 3. The Na+ and Cl Binding Sites Are Physically Discrete
(A) Stereo view of a surface potential map for the GluR5 kainate complex dimer crystal structure calculated with APBS and contoured from 10 kT/e (red) to
+10 kT/e (blue). The view is face on to the plane of the membrane with the N terminus facing upwards. The two electronegative pockets were the most prominent
features on the protein surface.
(B) Stereo view of the protein interior with the molecular surface colored by surface potential; side chains forming the cation and anion binding sites drawn in stick
configuration; the view is rotated byz90 from that in (A). The electropositive cavity located between the two ‘‘fingers’’ projecting into the protein interior forms
the binding site for Cl.
(C) Crystal structure of the GluR5 complex with the antagonist UBP310 at 1.74 A˚ resolution (PDB 2F34) showing plugging of the cation-binding pocket by the side
chain of Lys437 from an adjacent subunit.
(D) Crystal structure of the GluR5 kainate complex with NH4
+ in the cation-binding site at 1.68 A˚ resolution; dashed lines indicate protein contacts within hydrogen
bond or salt bridge distance from the NH4
+ ion. Labels identify helices D and J; in this and subsequent figures, the pair of subunits in a dimer assembly are shaded
gold and cyan, respectively.This was established by growing crystals in Li+ and then soaking
them for 48 hr in a solution in which Li+ was replaced by NH4
+ to
mimic conditions that occur in the GluR5 complex with theantagonist UBP310. Using data measured to Bragg spacings of
1.68 A˚ (Table 2), we observed a strong peak of electron density
less than 1 A˚ from the position of the Lys NZ atom in theNeuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc. 725
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+ ion
(Figure 3D). Accordingly, bond-valance analysis for oxygen
atoms within 3.5 A˚ gave values of 1.0 and 0.84 for the NH4
+ ions
bound to subunits A and B with mean bond distances of 2.94
and 2.99 A˚, respectively, close to the ideal value of 2.88 A˚ for tet-
rahedral coordination (Muller et al., 2003). Although the UBP310
and NH4
+ complex structures are similar, there are several inter-
esting differences. The NH4
+ ion does not penetrate the pocket
as deeply as the tethered Lys side chain, and as a result fails to
make a hydrogen bond contact with the carbonyl oxygen atom
of Ile512. The NH4
+ ion is solvated by a pair of H2O molecules,
which are displaced by the methylene groups of the Lys437
side chain, which fill up the pocket. Although electrostatic princi-
ples andbond-valance analysis suggest that the kainate complex
has indeed bound an NH4
+ ion, because NH4
+ ions and H2O both
have ten electrons, it is not possible to unambiguously distinguish
between themusingX-raydiffractionat 1.68 A˚ resolution. Further-
more, because in functional studies the rate of onset of desensi-
tization in NH4
+ is nearly 8-fold faster than in Na+ (Figure 1C), it is
likely that the dimer assembly is less stable for theNH4
+ complex.
Figure 4. High-Resolution Crystal Structures of
the Li+ and Na+ Complexes
(A) Stereo view of the GluR5 kainate complex with Li+
at 1.49 A˚ resolution. Electron density for the pair of Li+
ions is shown for an Fo Fc omitmap (pink) contoured
at 3.2 s, with Li+ omitted from the Fc calculation. Elec-
tron density for the protein (gray), water molecules
(blue), and the Cl ion (green) is shown for a 2mFo 
DFc map contoured at 1.5 s.
(B) Stereo view of the Na+ complex looking down the
molecular two-fold axis of the dimer assembly onto
the plane of the membrane; transparent spheres for
the bound ions are drawn using Shannon radii; the
Na+ and Cl ions are linked in a network formed by
the side chains of Glu509 and Lys516. Numerous
salt bridges and hydrogen bonds link the subunits
together.
(C) Crystal structure of theGluR5 kainate complexwith
Li+ in the cation-binding site showing tetrahedral coor-
dination of the ion by the side chains of Glu509, Asp
513, the main chain carbonyl oxygen of Glu509, and
an H2O molecule, with bond distances in A˚.
(D) Crystal structure of the GluR5 kainate complex at
1.72 A˚ resolution with Na+ in the cation-binding site
showing 5-fold coordination of the Na+ ion, and block
of the sixth coordination site by the side chain of
Ile755.
Crystal Structures of the Li+
and Na+ Complexes
Because the Li+ ion has only two electrons, it
is much more difficult to detect by X-ray dif-
fraction than other cations. Here, we found
that GluR5 kainate dimer assemblies, which
crystallized readily in the presence of Li+ and
Cl, diffracted to higher resolution than the
other ion complexes studied (Table 2). De-
spite the weak X-ray scattering power of
Li+, during the final stages of refinement us-
ing data measured to 1.49 A˚ resolution, small spheres of elec-
tron density emerged in Fo – Fc maps contoured at >3 s in
the region of the cation-binding sites, along with unambiguous
electron density in 2mFo  DFc maps for side chains, H2O mol-
ecules, and a Cl ion in the anion-binding site (Figure 4A). When
the electron density in the cation-binding site for each subunit
was modeled as an H2O molecule, there were energetically un-
favorable close contacts with the protein, and the B values re-
fined to implausibly small values. In contrast, when modeled
as Li+ ions (Figure 4C), the mean ion-ligand distance of 1.93 A˚
(s = 0.04 A˚) was in agreement with the mean value of 1.96 A˚
(s = 0.12 A˚) obtained from analysis of six structures in the PDB
refined at resolutions of 0.98–1.62 A˚ and much shorter than sub-
sequently observed for Na+ and other GluR5 ion complexes
(Figure 4D and Figure 6).
We also crystallized GluR5 kainate dimer assemblies in solu-
tions with Na+ as the sole monovalent cation and solved the
structure at 1.72 A˚ resolution (Figure 4B and Table 2). Although,
as for NH4
+, it is difficult to distinguish Na+ from water on the
basis of electron density alone, bond distances for coordination726 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.
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teristic distribution with a mean at 2.42 A˚ (Harding, 2002), much
shorter than the value of 2.8 A˚ typical for H2O molecules. The
mean Na+ ion-ligand distance of 2.32 A˚ (s = 0.07 A˚) is in excellent
agreement with that measured in high-resolution crystal struc-
tures. Bond valence calculations gave values of 1.09 and 1.15
for the pair of Na+ ions, providing further evidence that they
were not H2O molecules (Muller et al., 2003).
Both Li+ and Na+ ions bind to the carboxylate group of Glu509
and to the main chain carbonyl oxygen atoms of Glu509 and
Ile512 and are hydrated by a water molecule. The Li+ ion shows
4-fold tetrahedral coordination with a water molecule inter-
spersed between the ion and the carboxylate group of Asp513
(Figure 4C); in contrast, the Na+ ion is 5-fold coordinated and in-
teracts directly with Asp513 (Figure 4D). The structure reveals
that the hydrophobic side chain of Ile755 caps the cation-binding
sites and prevents binding of a sixth H2Omolecule to the Na
+ ion
by steric hindrance without interfering with solvation of the Li+
ion. As a result of the greater field strength and smaller size of
Li+ compared to Na+ (Shannon radii 0.76 A˚ and 1.02 A˚, respec-
tively), the pair of Li+ ions moves 0.84 A˚ and 0.94 A˚ deeper into
the cation-binding pockets compared to the Na+ complex, but
there is almost no movement of the Cl ion.
The structures of the Na+ and Li+ GluR5 complexes are nearly
identical and superimpose with RMSDs of 0.21 A˚ for Ca atoms.
Not surprisingly, due to their close proximity, the anion and cat-
ion binding sites in both structures are linked by a complex net-
work of intramolecular and intermolecular bonds (Figure 4B).
Particularly striking is the interaction of the amino group of Lys
516 with both the bound Cl anion and the carboxylate group
of Glu509, which binds Na+ or Li+ in the dimer partner subunit.
The hydration shells of the Cl ion and the bound cations are
linked by an intermediary H2O molecule W2, which also partici-
pates in an intermolecular solvent mediated hydrogen bond
network linking the bound cation with helices D and J (Figures
4A and 4B). Intermolecular salt bridges between Arg760 and
Asp761 also link helix J in each subunit with its dimer partner,
as observed previously (Plested and Mayer, 2007). However, in
the Na+ and Li+ bound GluR5 kainate complexes, the c4 angle
of the Arg side chain is rotated by 58, and, as a result, the gua-
nidinium group moves downward by 1.6 A˚, forming a hydrogen
bond contact with the main chain carbonyl oxygen of Phe514
in the same subunit (Figures 4A and 4B). The side chain confor-
mation of Glu509 also differs between the GluR5 kainate com-
plexes with Na+ and Li+ compared to that in the GluR5 UBP310
complex, with rotations of 102, 168, and 60 for c1, c2, and
c3, which steer the carboxylate group toward the cation. In con-
trast, the side chains of Asp 513, Lys516, Asp761, and Thr 764
show negligible changes in torsion angle. Associated with the
abovemovements, there is a 3 tilt of subunits toward each other
in the Na+ or Li+ bound complexes compared to the UBP310
structure, resulting in a 1.3 A˚ movement, measured from the
Ca coordinates of Gly557 at the apex of the dimer surface.
Cation-Binding-Site Mutations Alter Selectivity
and Speed Desensitization
Allosteric coupling between the anion and cation binding sites
(Figure 2), combined with their shared structural components(Figure 4), has confounded prior attempts to understand the
effects of site-directed mutagenesis in the dimer interface of kai-
nate receptors. In the Na+ complex, the bound cation is coordi-
nated by two side chain carboxylate groups and two main chain
carbonyl oxygen atoms (Figure 4D). Glu509, which forms the
base of the cation-binding site, is mostly buried, with a sol-
vent-accessible surface area of <5 A˚2, while Asp513, which
forms the top of the binding site, is exposed with a solvent-
accessible surface area of 55 A˚2. Surface potential calculations
for the isosteric GluR5 E509Q mutant (Figure 5A) reveal a 6 kT/
e decrease in surface potential when themutant side chain is ori-
ented so that its carbonyl oxygen atom makes a hydrogen bond
with the side chain of Lys500 that binds the Cl ion (Figure 5B). In
three 20 ns equilibriumMD simulations for E509Q, the side chain
c3 angle fluctuated by 27 around a mean value of 121 and
never flipped orientation. As a result, the Na+ ion effectively loses
a ligand due to replacement of a carboxyl group oxygen by an
amide group nitrogen atom.
Consistent with the hypothesis that substitution of the carbox-
ylate group by an amide should destabilize cation binding, the
equivalent GluR6mutant E493Q showed a reduced ability to dis-
criminate between cations combined with accelerated desensi-
tization compared to wild-type GluR6 (Figure 5C and Table 1).
The rate of onset of desensitization with 150 mM Na+ or Li+,
970 ± 90 s1 (n = 16) and 1300 ± 100 s1 (n = 12), respectively,
was 6.5- and 6.1-fold faster than for wild-type GluR6, but for
other cations kdes was about 1000 s
1 in each case (Table 1).
When normalized to values recorded in Na+, E493Q also showed
reduced changes in peak conductance (+20 to +100 mV) with an
order NH4
+ > Na+zK+zCs+ > Li+ > Rb+ that is strikingly differ-
ent than wild-type (Figure 1). Despite its reduced cation sensitiv-
ity and faster desensitization rate, E493Q remained sensitive
to anions, and the rate of onset of desensitization increased
2.6- and 2.1-fold, to 2500 ± 400 s1 (n = 8) and 2000 ± 700 s1
(n = 5) when Cl was replaced by I and NO3
, respectively
(Figure 5D), similar to wild-type GluR6, for which the rate of onset
of desensitization increased 2.3- and 2.7-fold when Cl was
replaced by I and NO3
.
Mutation to alanine of Asp497, the other acidic amino acid in
the GluR6 cation-binding site, also increased the desensitization
rate (Figure 5E) and reduced sensitivity to cations (Figure 5F and
Table 1). Surprisingly, even though the side chain carboxyl group
was removed, increasing the diameter of the entrance to the cat-
ion-binding pocket, the effect on the rate of onset of desensitiza-
tion was no larger than observed for the isosteric E493Q mutant
(Table 1); indeed, for responses in Li+, the rate of desensitization
increased only 3.1-fold for GluR6 D497A but 7.2-fold for GluR6
E493Q. The cation selectivity of the peak glutamate-activated
conductance was also reduced in D497A (Figure 5E) compared
to E493Q (Figure 5C and Table 1).
Crystal Structures of K+, Rb+, and Cs+ Complexes
Prior work suggested that kainate receptors have a unique re-
quirement for Na+, for which only Li+ can act as a substitute,
while the presence of K+, Rb+, or Cs+ strongly inhibits receptor
activity (Bowie, 2002; Paternain et al., 2003). Surprisingly, we ob-
served that, for crystals grown in 575mMLi+ and then soaked for
36–48 hr in solutions with equimolar concentrations of either K+,Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc. 727
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(A) View of the molecular surface of the anion and cation binding sites colored
by surface potential for a GluR5 dimer with one wild-type and one E509Q mu-
tant subunit, viewed from the protein interior, and contoured from 10 kT/e
(red) to +10 kT/e (blue).
(B) The surface potential calculation was performed with the E509Q mutant
side chain oriented with its carbonyl group within hydrogen bonding distance
of the Lys516 side chain amino group and the amide group facing the Na+ ion.
(C) The equivalent mutation for GluR6 (E493Q) speeds desensitization com-
pared to responses for wild-type GluR6 measured in NaCl (dotted line). Re-
sponses measured from the same patch with K+, Rb+, or Cs+ as the external
monovalent cation showed similar rapid desensitization, and the peak ampli-
tude was much less sensitive to cation species than for wild-type.
(D) Bar plots summarizing the change in peak amplitude and rate of onset of
desensitization for GluR6 E493Q responses measured with Na+ and either
chloride, iodide, or nitrate as the extracellular anion. The bars show the
mean for five to eight patches; error bars represent SEM.
(E) The GluR6 D497A mutant speeds desensitization compared to responses
for wild-type GluR6 measured in NaCl (dotted line). Responses to 10 mM glu-
tamate with Na+, K+, Rb+, or Cs+ measured in the same patch were almost
identical in amplitude (see inset), with desensitization rates about six times
faster than for wild-type responses in NaCl (dotted line).
(F) Bar plots summarizing the change in peak amplitude for wild-type GluR6
and the GluR6 D497Amutant with Li+, Na+, K+, Rb+, Cs+, or NH4
+ as the exter-
nal monovalent cation; error bars represent SEM.728 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.Rb+, or Cs+, these ions can bind at the same location as Na+ and
Li+ (Figure 6). Because of their large X-ray scattering factor com-
pared to Li+ and water, there is no ambiguity in the electron-den-
sity maps for these structures, which were refined at resolutions
of 1.72 A˚ for K+, 1.82 A˚ for Rb+, and 1.97 A˚ for Cs+ (Table 2). In
addition, because Cs has a large anomalous signal, (f 00 = 3.8 e)
at the wavelength of 1 A˚ used for data collection, the identity
of Cs+ ions was confirmed by calculation of anomalous differ-
ence density maps. The structures were nearly identical to that
for Na+ and superimposed with RMSDs of 0.20, 0.22, and
0.19 A˚ for K+, Rb+, and Cs+, respectively, when calculated using
domain 1 Ca coordinates, but showed subtle differences that
likely have functional significance.
The most striking difference was that the cation-binding sites
were not saturated in the Rb+ and Cs+ structures. When the
bound cations were refined at full occupancy, there were large
negative peaks in Fo  Fc maps for both Rb+ and Cs+; manual
refinement of ion occupancy using Fo  Fc maps as a guide
gave values of 0.65 and 0.70 for the pair of Rb+ ions and 0.50
and 0.70 for Cs+; in contrast, when the bound cations were re-
fined at full occupancy for the Li+, Na+, K+, and NH4
+ complexes,
Fo  Fc maps in the region of the cation were featureless. Sec-
ond, the side chain for Arg760 changed conformation in the
different complexes. In the Na+ and Li+ complexes, each of the
Arg760 side chains in a dimer assumed a ‘‘down’’ conformation,
and, as a result, the guanidinium group moved toward the
cation-binding site, forming a hydrogen bondwith themain chain
carbonyl oxygen of Phe514 in the same subunit. In contrast, in
the K+, Rb+, and NH4
+ structures (Figure 6A), one of the Arg
side chains flips to an ‘‘up’’ conformation, moving away from
the bound cation; in the Cs+ structure, the Arg side chains in
both subunits are in an up position (Figure 6B). This movement
of Arg760 in the K+, Rb+, Cs+, and NH4
+ complex structures
opens up a binding site for an H2Omolecule that is located within
3.5 A˚ of the bound cation and that makes hydrogen bond
contacts with the carboxylate group of Glu509, the amino group
of Lys516, and the main chain amide of Phe514. Third, the main
chain peptide bond linking Asp513 with Phe514 adopts different
conformations with mean Psi values of either 108 ± 7 (n = 5),
observed in both subunits in the Li+ complex and one subunit
each for the Na+, K+, and NH4+ complexes, or 143 ± 8 (n =
9), observed in both subunits in the Rb+ and Cs+ complexes
and one subunit each for the Na+, K+, and NH4
+ complexes.
For the K+ and NH4
+ bound subunits, the electron density in sub-
unit B clearly revealed both conformations at similar occupancy.
As a result of this peptide bond flip, a hydrogen bond made with
the hydroxyl group of Thr753 is broken when the carbonyl oxy-
gen group of Asp513 rotates by 35 to the conformation ob-
served in the Rb+ and Cs+ complexes. The dynamic behavior
of this peptide bond was also observed in MD simulations.
Fourth, in the Cs+ complex, electron density for the bound anion
and its associated pair of H2Omolecules was diffuse (Figure 6B),
while for all of the other ion complexes there were distinct peaks
of density for the Cl ion and two H2Omolecules (Figures 4A and
7A). Further, the number of H2O molecules within 3.5 A˚ of the
cations increased compared to the Na+ structure, and the larger
cations bound less deeply in the pocket than Na+ due to their
increased radius.
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Weak Selectivity for Na+
(A) Stereo view of the K+ complex crystal structure
at 1.72 A˚ resolution with an Fo Fc omit map con-
toured at 3.5 s for the K+ (pink) andCl (green) ions
and H2O molecules (blue) omitted from the Fc cal-
culation. Density for the Cl ion and its adjacent
H2O molecules W3 and W3
0 are well resolved as
individual peaks. Side chains that form the ion-
binding sites are drawn in stick representations.
The rest of the protein is drawn as a transparent
ribbon diagram, with helix J foremost for the left
subunit, and helix D foremost for the right subunit.
The structure is superimposed on that for the Na+
complex using domain 1 Ca coordinates with an
RMSD of 0.20 A˚; carbon atoms for the K+ complex
side chains are colored pale green and those for
the Na+ complex yellow. In the right subunit of
the K+ complex, the side chain for Arg760 has flip-
ped into an ‘‘up’’ conformation, creating a hole
filled by W4.
(B) Stereo view of the Cs+ complex crystal struc-
ture at 1.97 A˚ resolution oriented as in (A), with an
Fo  Fc omit map contoured at 3.5 s for Cs+
(purple) and Cl (green) ions and H2O molecules
(blue) which were omitted from the Fc calcula-
tion. Note that density for the Cl ion and W30
is continuous, while that for W3 is weak com-
pared to adjacent atoms. The structure is super-
imposed on that for the Na+ complex using do-
main 1 Ca coordinates with an RMSD of 0.19 A˚;
carbon atoms for the Cs+ complex side chains
are colored purple and those for the Na+ complex
yellow. In both subunits of the Cs+ complex, the
side chains for Arg760 have flipped into an ‘‘up’’
conformation.
(C) Outward currents activated by 10 mM gluta-
mate for wild-type GluR6 recorded in the same
patch at +30 mV in 150, 50, and 15 mM external
NaCl (sucrose used to maintain osmotic pres-
sure); currents were normalized to the response
in 150 mM NaCl and fit with monoexponential
decays (dotted lines) with kdes = 120, 410, and
950 s1, respectively. The bottom trace is the
junction current recorded at the end of the
experiment.
(D) Outward currents activated by 10 mM gluta-
mate for wild-type GluR6 recorded in the same
patch with either 600 mM NaCl, KCl, RbCl, or
CsCl. The currents were normalized to the re-
sponse in 600 mM NaCl and fit with monoexpo-
nential decays (dotted lines) with kdes = 100,
240, 400, and 675 s1, respectively. The bottom
trace is the junction current recorded at the end
of the experiment.
(E) Rate of desensitization with salt concentrations
from 6 to 600 mM globally fit by nonlinear least-
squares with a binding isotherm; the curves
were constrained to be parallel and to have a common maxima of 1743 s1; the slope was very close to 2; the freely fitted minima were 103 ± 6, 89 ± 3,
250 ± 10, and 330 ± 50 s1 for Li+, Na+, K+, and Rb+, respectively. Data points represent the mean ± SEM of the desensitization rate measured in at least
five patches.
(F) The minimum rate of desensitization, plotted against Shannon radius, fit with a parabolic function by nonlinear regression; the value for Cs+ is extrapolated
from the fit. The parabola has a minimum close to the sodium radius, corresponding to kdes, min = 82 ± 3 s
1. Data points represent the minimum fitted rate ± the
approximate SD from the fit in (E); we used this relation to fix the minimum desensitization rate in CsCl to be 530 s1.Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc. 729
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Concentrations of K+, Rb+, and Cs+
Because the crystallographic data revealed that at the 575 mM
monovalent cation concentration used for crystallization, the
binding site showed weak discrimination between cations, we
re-examined the ion sensitivity of GluR6 in functional assays
over a wide range of concentrations for LiCl, NaCl, KCl, RbCl,
and CsCl. Responses measured with 15, 50, and 150 mM
NaCl are shown in Figure 6C, while Figure 6D shows responses
measuredwith 600mMNaCl, KCl, RbCl, or CsCl. At low salt con-
centrations, the global fit of a binding isotherm to the rate of on-
set of desensitization converged at a common value of 1743 s1
(Figure 6E), similar to the value of 1800 ± 200 s1 measured in an
independent experiment in which all monovalent ions were re-
placed by sucrose (Figure 1D). However, for each ionic species,
the EC50 differed (Figure 6E), and theminimal rate of desensitiza-
tion extrapolated to saturating concentrations decreased in the
order Cs+ > Rb+ > K+ > Li+ > Na+ (Figure 6F). The EC50 values
and rate constants were Cs+ 398 mM, 530 s1; Rb+ 167 mM,
341 s1; K+ 77mM, 255 s1; Li+ 32mM, 104 s1; and Na+ 28mM,
91 s1. Thus, the cation-binding site is not saturated by Cs+ at
the 575 mM concentration used in the ion-soaking experiments.
A plot of the rate constant of desensitization estimated for satu-
rating ion concentrations versus cation Shannon radius shows
that Na+ is the most effective cation (Figure 6F), suggesting
that the cation-binding site has evolved to function optimally
with the ions present in CSF.
Ions and Allosteric Binding-Site Residues
Are Dynamically Coupled
The series of crystal structures solved in this study likely repre-
sent low-energy conformations of a kainate receptor complex
with bound cations and a Cl ion. To gain insight into the mech-
anisms underlying allosteric coupling, we performed multiple
20 ns molecular dynamics (MD) simulations for wild-type GluR5
and some mutants with different ion combinations (see the
Supplemental Data available online). For simulations using the
Na+-bound crystal structure, we observed that the RMSD for
the Cl ion increases from 0.66 ± 0.23 and 0.85 ± 0.45 A˚ (runs
1 and 2, respectively) to 1.48 ± 0.86 and 1.83 ± 0.55 A˚ in the ab-
sence of Na+, suggesting that occupancy of the cation-binding
site by Na+ stabilizes anion binding (Figure 7A). In contrast, dur-
ing simulations performed with Cs+, the Cl ion shows increased
fluctuation, and concurrent with dissociation of Cs+ ions from the
binding pocket, the Cl becomes delocalized (Figures 7B and
7C). This enhanced mobility of the bound anion is consistent
with the diffuse electron density for Cl observed in the Cs+ crys-
tal structure. Associated with dissociation of Cs+, the distance
between the NZ atoms of Lys516 increased, approaching values
observed in the simulation with Na+ omitted from the cation-
binding site (Figure 7D).
We also examined the influence of ions on the structure of their
binding sites. After fitting the D and J helices of each frame of the
MD trajectory to the initial frame, the combined deviation of
atoms in the Na+-binding site, residues Glu509, Asp513, and
the backbone carbonyl group of Ile512 was computed. For tra-
jectories started with both Na+ and Cl bound, the RMSDquickly
stabilizes to a value of 1.1 ± 0.2 A˚, calculated over the last 10 ns730 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.from both subunits from both simulation runs, but for simulations
run in the absence of Na+ with only Cl bound, the RMSD shows
greater fluctuation, mean value 1.4 ± 0.5 A˚, indicating a higher
degree of motion in the binding site in the cation-free state (Sup-
plemental Data). Simulations with just Na+ in the cation-binding
site also gave rise to a higher RMSD, mean 1.3 ± 0.3 A˚, while
in the absence of any ions the RMSD increased to 1.6 ± 0.4 A˚,
suggesting that conformational flexibility of the cation-binding
site is coupled to the presence of the Cl ion.
Ion-Binding-Site Side Chains Form Intermolecular
Dimer Contacts
Glu509 plays a key role in both cation binding and intermolecular
contacts across the dimer interface. In the absence of bound
cations, the side chain mobility increases, and c3 adopts two
distinct conformations (Figure 7E). In subunit A, Glu509 flips be-
tween these ten times for run 1 and three times for run 2. This flip-
ping occurs because either of the carboxylate oxygen atoms can
form a salt bridge with the NH4
+ group of Lys516 in the partner
subunit. For subunit B, flipping was less frequent, with one flip
in run 1 and no flips in run 2. The salt bridge between Glu509
and Lys516 is also present in the Na+ complex, but the other car-
boxylate oxygen of Glu509 now interacts directly with the Na+
ion. As a result, flipping is much less frequent when Na+ is bound
and occurred two and one times for subunit A, and zero and two
times for subunit B in the pair of trajectories. The conformation of
Glu509 was dominated by the c3 dihedral angle, and when flip-
ping did occur the dihedral angles differed in the presence,74
± 17 and 117 ± 22, and absence, 127 ± 22 and 73 ±
37, of Na+. This difference occurs because the Na+ ion ‘‘pulls’’
Glu509 into the cation-binding site, and as a result the oxygen
furthest from the NH4
+ group of Lys516 moves by 0.5 A˚ in
the presence of Na+. Consistent with the results of physiological
experiments and surface potential calculations (Figure 5), the
E509Q mutant appears to be unfavorable for stable cation bind-
ing because, in six independent simulations, three with Na+ and
three with K+, cations leave the binding sites within 1 ns. By com-
parison, Na+ remained bound for the full length of the run in all of
the WT simulations. The conformation of Asp513, the second
acidic amino acid in the cation-binding site, was stable in the
Na+ complex, but in the absence of a cation, the carboxyl group
flips frequently, forming intermittent hydrogen bonds with H2O
molecules.
Residues in the Lid of the Anion-Binding Site
Are Highly Mobile
The MD trajectories revealed that Lys516 remains fairly rigid
even in the absence of an anion, while the Arg760 side chain is
highly mobile independent of the presence of ions. The stability
of Lys516 results primarily from a hydrogen bond formed by
the NH4
+ group with the backbone carbonyl group of Phe514
of the adjacent subunit and from a salt bridge formed between
Lys516 and Glu509. These contacts are highly conserved and
also occur in AMPA receptor dimers (Armstrong and Gouaux,
2000). In MD simulations for ion-free GluR5 dimers, the NH4
+
groups of Lys516 move 1 A˚ away from each other, with
a mean separation of 7.5 ± 0.3 A˚ compared to 6.5 ± 0.3 A˚ for
ion-bound simulations (Supplemental Data). However, no
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gesting that Cl acts to stabilize the interface rather than to
pull the monomers together.
Strikingly, in GluR5 crystal structures for different cation com-
plexes and in the UBP310 antagonist complex structure, the
Arg760 side chains adopt a range of conformations. In the antag-
onist complex (Plested andMayer, 2007) and in the kainate com-
Figure 7. MD Simulations Reveal an Inter-
dependence of Anion and Cation Mobility
(A) Isocontour map of the Cl ion position from
a simulation of the Na-bound structure with Na+
and Cl in the binding site (green) and from a
simulation with no Na+ present (red).
(B) Isocontour map of the Cl ion position from
a simulation of the Cs-bound structure. The green
map is from the data before the Cs+ ion leaves
(0–13 ns). The red map is for the whole simulation
(0–20 ns).
(C) RMSD of the Cl ion in the Na-bound simula-
tion (blue) and in the Cs-bound simulation (red).
Arrows mark the time points at which the Cs+
ions leave the binding sites, the first at 13 ns and
the second at 19 ns.
(D) Distance between the NZ atoms of K516 as
a function of time for the Na-bound simulation
(blue) and the Cs-bound simulation (red). The in-
crease in distance coincides with the Cs+ ions
leaving the protein. Dashed lines indicate the
mean RMSD of the Cl ion for two simulations
run with Na+ omitted from the cation-binding site.
(E) Distance between E509 OE1 and K516 NZ
atoms for the simulation with Na+ ions present
(blue) and without Na+ ions (red) in the binding
pocket.
(F) Multiple conformations for R760 observed in
MD simulations. The R760 structure from subunit
A that is most representative of the largest cluster
is shown in pink, as are the corresponding K516
and Cl— atoms. The equivalent analysis for R760
from subunit B is shown in yellow. The crystal
structure conformations for R750 and K516 in
the Na+ complex are shown as white sticks.
(G) Isopotential surface maps calculated with
APBS and contoured at 0.5 kT/e (red) and
+0.5 kT/e (blue); view is the same as Figure 3.
The panels on the left and right show the field
with the cation site unoccupied and with Na+
bound, respectively.
plex with Cs+, the side chains are in the
‘‘up’’ conformation and make bidentate
intermolecular salt bridges with Asp761
of the dimer partner subunit. Curiously,
this is not observed in the Na+ and Li+
bound structures in which both side
chains are in the ‘‘down’’ conformation,
while in the K+, Rb+, and NH4
+ complex
structures only one Arg760 side chain
flips into the ‘‘up’’ conformation. This
has ramifications for how Cl might ac-
cess the anion-binding site. To explore
the underlying mechanism, we examined simulations with both
Na+ and Cl bound and performed a cluster analysis for each
Arg760 side chain (Figure 7F). In all cases, the bidentate bridge
with Asp761 was highly dynamic, breaking and reforming re-
peatedly. Although there was little pattern to the bidentate salt
bridge conformational stability, the absence of allosteric ions
produced a consistent increase in the RMSD of Arg760, fromNeuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc. 731
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Allosteric Modulation of iGluRs by Na+1.6 ± 0.4 A˚ for simulations with Na+ and Cl present to 2.6 ± 0.7 A˚
for simulations with no bound ions.
These results illustrate the extreme mobility of Arg760 com-
pared to the well-ordered electron density for this residue
observed in crystal structures. Because Arg760 is highly mobile,
this could provide a route for Cl entry into an otherwise buried
binding site. Our results also indicate that the Arg760-Asp761 bi-
dentate salt bridge is a transient structure, which in the UBP310
antagonist complex may be favored by crystal packing and
favorably placed solute molecules, including a PEG molecule
that lies across the dimer interface and fills up the water-filled
cavity seen in the Na+ complex.
DISCUSSION
Here, we define the mechanism by which Na+ ions modulate kai-
nate receptor activity and solve the structure of the cation-bind-
ing site. We show that the GluR5 dimer assembly binds Na+ and
Cl with a 2:1 stoichiometry; that the anion and cation binding
sites are highly charged, physically discrete, and very dynamic;
that the sites are allosterically and structurally coupled; and
that occupancy of the ion-binding sites is required to maintain
kainate receptors in the active conformation. We show that the
cation-binding site discriminates weakly between cations but
that, coupled with differences in efficacy, this is sufficient to con-
fer selectivity for Na+ over K+ at physiological ionic strength. Ad-
ditional calculations, including free-energy perturbations, will be
required to understand the basis of this selectivity, but these
structures show several interesting features relevant to this. Al-
though the cation-binding site is exposed to bulk solvent, ions
bind in a tunnel where multiple protein ligands substitute for wa-
ters of hydration and shield the ion. The tunnel also focuses the
electric field in the cation-binding site, and thus selectivity for
Na+ and Li+ over larger cations would be expected due to the
high field strength (Noskov and Roux, 2008).
Structural and Allosteric Coupling of the Anion
and Cation Binding Sites
Because the isolated ligand-binding domains used for structural
analysis are uncoupled from the ion channel, we can only spec-
ulate on how occupancy of the ion-binding sites alters during
conformational changes linked to the onset of and recovery
from desensitization. In the absence of allosteric cations, kainate
receptor dimers have a strong negative electric field that acts as
an energy barrier preventing access of anions to their binding
site in the dimer interface; binding of Na+ reduces the field, allow-
ing Cl ions to approach the dimer surface (Figure 7G). The high
mobility of the Arg760 side chains observed in MD simulations
reveals that access to the anion-binding site is much less
restricted than suggested by the crystal structures, and it is pos-
sible that Cl ions diffuse in from the top surface of the dimer in-
terface. Another possible route of entry is a solvent-filled tunnel
that transiently connects the anion and cation binding sites,
which in the crystal structures appear as a cavity surrounded
by two fingers protruding into the protein interior (Figure 3).
During desensitization, there are likely to be large movements
of the subunits in a dimer interface (Armstrong et al., 2006),
whichmodeling studies showdisrupt the anion-binding site. Sur-732 Neuron 58, 720–735, June 12, 2008 ª2008 Elsevier Inc.face potential calculations for a model kainate receptor dimer in
the desensitized state based on the corresponding GluR2 struc-
ture (Armstrong et al., 2006) indicate that in the desensitized
state the cation-binding sites are also disrupted, in large part
due to solvent exposure of the dimer interface, reducing the field
potential that supports cation binding.
Although the anion and cation binding sites are physically dis-
crete, their close proximity and shared structural components
have the consequence that mutations to one site perturb the
other. In prior work, this led Wong et al. (2007) to conclude that
the anion and cation binding sites were not separate and that
the ions interacted via an attractive dipole mechanism, which
our data reveal is not correct. Some mutations such as GluR6
E493Q do have much stronger effects on cation modulation
than anion modulation (Figure 5), while others such as GluR6
R744K have stronger effects on anion modulation (Plested and
Mayer, 2007). The basis for this ‘‘selectivity’’ is apparent from in-
spection of the crystal structures, but crosstalk between the
sites, an inevitable result of their complex electrostatic profiles
and shared structural elements, coupled with the fact that all of
the mutations destabilize the dimer complex to different extents,
has the consequence that no single mutation exclusively affects
modulation by a single ion species.
Cation-Binding Sites in Other iGluRs
Crystal structures have now been solved for representative
members from each of the major iGluR gene families, except
KA1 and KA2. Calculation of surface potential maps for crystal
structures of GluR2 homodimers, NR1 homodimers, NR1/NR2
heterodimers, and a delta 2 subunit apo dimer reveals that the
highly charged pockets that bind Na+ are present only in kainate
receptors. Analysis of GluR5 and GluR6 structures, which crys-
tallized as monomers or as oligomeric assemblies that have no
biological counterpart, reveals that the highly charged cation-
binding sites described here are generated only in physiological
dimer assemblies in the active conformation. Of interest, the
iGluR delta 2 subunit crystallizes as a dimer that binds Ca2+
ions (Naur et al., 2007), and the delta 2 lurcher mutant shows
positive allosteric modulation by Ca2+ (Wollmuth et al., 2000).
We propose that, as for kainate receptors, dimer stability of delta
2 receptors is regulated by cations, specifically Ca2+, and that
this is the mechanism by which Ca2+ facilitates delta 2 subunit
activity. Although the cation-binding sites in delta receptors
share sequence homology with those in kainate receptors, the
crystal structures are very different. Surprisingly, the Ca2+-bind-
ing site lacks the strong negative potential found in kainate
receptors, and the Ca2+ ion is buried in the protein interior.
Although the delta2 subunit has Arg and Asp residues at
positions equivalent to GluR5 Arg760 and Asp761, both side
chains have rotated outwards byz90 along the axis of molec-
ular two-fold symmetry. As a result, the Ca2+ ion is coordinated
by the carboxyl groups of Asp761 from one subunit and the
equivalents to Glu509 and Asp513 from the dimer partner, while
for kainate receptors all of the protein contacts with Na+ are
made by a single subunit.
In the GluR5 Cs+ complex, an additional 11 Cs+ ions were
bound to the surface of the protein, in addition to the pair of
Cs+ ions located in the cation-binding sites. These ‘‘extra’’ Cs+
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in 2Fo  Fc maps and subsequently from inspection of anoma-
lous density difference maps. These extra cation-binding sites
are weakly electropositive and bind Cs+ ions via interactions
with surface-exposed carboxylate and carbonyl group oxygen
atoms. Likewise, in the Rb+ and K+ complexes, four additional
Rb+ ions and one additional K+ ion were located at some of
the same sites that bound Cs+, while in the other ion complexes
these sites frequently contained H2O molecules, which were
likely misidentified cations with partial occupancy that could
not be discriminated from H2O on the basis of electron density
alone. In the Na+ complex crystal structure, bond valence anal-
ysis failed to identify any of these H2O molecules as Na
+ ions,
most likely due to our inability to model complete hydration
shells for surrounding water molecules with high B factors (Nayal
and Di Cera, 1996). These ‘‘extra’’ ions were also included in the
MD simulations and in all cases were found to dissociate from
the protein into the solution. Such ‘‘nonspecific’’ binding of cat-
ions and anions to protein surfaces is a well-characterized phe-
nomenon in high-resolution crystal structures, is necessary to
maintain electroneutrality of the protein surface, and has been
used as a method to phase novel structures (Nagem et al.,
2001).
Functional Significance of Allosteric Regulation
by Cations
Our experiments were performed on mammalian kainate recep-
tors, but analysis of gene sequences reveals that the key acidic
amino acid side chains and intermolecular salt bridges are pres-
ent in putative kainate receptors from chick, zebrafish, Xenopus,
and possibly Drosophila (Figure S2), suggesting early evolution
and conservation of the cation-binding site. Although the
ligand-binding properties of nonmammalian iGluRs are poorly
defined, and it is unclear whether true AMPA and kainate prefer-
ring subtypes exist in invertebrates, our analysis clearly reveals
that two families of non-NMDA-subtype iGluRs can be distin-
guished by the presence of either a hydrophobic amino acid at
the position equivalent to Ile755 in GluR5 or a conserved lysine,
corresponding to kainate and AMPA subtypes of mammalian
iGluRs, respectively.
Because synaptic membrane proteins function in a chemically
polarized ionic environment, with Na+-rich extracellular and K+-
rich intracellular compartments and higher extracellular Cl con-
centration, the presence of allosteric ion-binding sites in kainate
receptors is likely to be functionally important. As noted by
Paternain et al. (2003), there are large drops in Na+ ion activity
during electrical activity, which might regulate kainate receptor
activity. The K+-rich, low-Cl cytoplasmic ionic environment
will favor kainate receptor desensitization, which is required for
efficient trafficking to cell-surface membranes (Priel et al.,
2006; Vivithanaporn et al., 2007). Although our studies were by
necessity performed using recombinant receptors, the allosteric
action of cations has been observed in studies on native kainate
receptors expressed in hippocampal neurons (Paternain et al.,
2003). In vivo, such regulation works in conjunction with changes
in activity produced by protein kinases and phosphatases and
likely will be modulated by accessory proteins that coassemble
with many ion channel classes. As a result, much work remainsto be done before wewill have a full understanding of the alloste-
ric regulation of kainate receptors and other subtypes of iGluRs.
EXPERIMENTAL PROCEDURES
Molecular Biology and Physiology
Wild-type andmutant glutamate receptors were expressed in HEK293 cells for
outside-out patch recording with rapid solution exchange, as described previ-
ously (Plested and Mayer, 2007). Mutations were introduced by overlap PCR
and confirmed by sequencing. Brief pulses of glutamate (10 mM) were applied
to outside-out patches using a piezo-driven perfusion system. Solution
exchange was complete in200 ms, and patches with exchange times slower
than 400 ms (as assessed by junction currents) were discarded. Data were fil-
tered at 2–12 kHz and sampled at 10–50 kHz. Except where noted, the external
solution contained (in mM) 0.1 MgCl2, 0.1 CaCl2, 5 HEPES, and 150 mM XCl
(X = Li, Na, K, Rb, Cs, NH4, Tris, or NMDG). The internal solution contained
(in mM) 115 NaCl, 10 NaF, 0.5 CaCl2, 1 MgCl2, 5 Na4BAPTA, 5 HEPES, and
10 Na2ATP, pH 7.3. Further details are described in Supplemental Data.
Crystallography
The GluR5 S1S2 ligand-binding core was overexpressed and purified as pre-
viously described (Mayer, 2005) and crystallized as described in Supplemental
Data. The Li complex structure was solved by molecular replacement with
PHASER (McCoy et al., 2007) using the GluR6 kainate complex (PDB 1TT1)
as a search probe. There were twomolecules in the asymmetric unit that coas-
semble as a dimer. Although the GluR6 search probe and GluR5 refined struc-
tures differ in domain closure by 7.2, automated rebuilding of the molecular
replacement solution using ARP/wARP (Morris et al., 2003) traced 249/258
residues in chain A and 229/258 residues in chain B. The model was then
rebuilt with COOT (Emsley and Cowtan, 2004) followed by cycles of restrained
refinement with REFMAC5 (Winn et al., 2001), with three to four TLS groups per
subunit identified by TLSMD (Painter and Merritt, 2006); there was no electron
density for the first 3 residues and the C-terminal glutamate. Structures for the
other complexes were solved by rigid body refinement using the Li complex
structure stripped of alternative conformations, ligands, ions, and solvent as
a starting model, with side chain occupancies for Glu509, Asp513, Arg760,
and Asp761 initially set to zero, followed by cycles of manual rebuilding and
crystallographic refinement. Additional crystallographic calculations and the
generation of mapswere performed using the CCP4 suite of programs (Collab-
orative Computational Project, Number 4, 1994). Electrostatic calculations
were performed using APBS (Baker et al., 2001), with 150 mM monovalent
ion concentrations, assuming dielectrics of 80 for the solution and 2 for protein.
Figures were prepared using PYMOL (DeLano, 2002).
Molecular Dynamics Simulations
Molecular dynamics simulations of the Li+, Na+, K+, Rb+, and Cs+ crystal struc-
tures were performed using GROMACS 3.3.1 (van der Spoel et al., 2005) with
a 2 fs integration time step and a 20 ns duration with two repeats for each
structure. Periodic boundary conditions were used and long-range electro-
statics were treated using the particle mesh Ewald (PME) method (Essmann
et al., 1995) with a real-space cutoff of 10 A˚. Simulations were performed in
an NPT ensemble at 300 K and 1 atm pressure using the Berendsen algorithm
(Berendsen et al., 1984). Further details are given in Supplemental Data.
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Atomic coordinates and structure factors have been deposited with the Pro-
tein Data Bank; accession codes are 3C31 (Li), 3C32 (Na), 3C33 (K), 3C34
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